Abstract. Thin films of Pr 0.5 Ca 0.5 MnO 3 have been deposited on z-cut LiNbO 3 by pulsed laser ablation. The Xray diffraction measurements showed that the films have grown highly oriented on LiNbO 3 , with a pseudocubic (111) preferred growth direction. The thicknesses of the films, measured by low angle X-ray reflectivity, are between 13 and 140 nm. Their electrical resistivity present a semiconducting-like behaviour with an anomaly around 240 K, that corresponds to the charge ordering transition. The temperature of the transition (T CO ) was estimated from ln  vs.
Introduction
The Pr 1x Ca x MnO 3 (PCMO) manganite exhibits a very broad composition range with charge and orbital ordering effects. A sufficiently strong static magnetic field applied to this system triggers an insulator to metal transition by which the charge and orbitalordered antiferromagnetic insulating ground state is melted into a conducting ferromagnetic metallic state, inducing colossal magnetoresistance [13] . The charge ordering transition is highly affected by pressure, electric and magnetic fields, radiation or stress. In particular, the strain induced in PCMO thin films by the lattice mismatch with the substrate may be able to modify its transport properties, namely the stabilization and modification of the charge ordered phase [14] . Moreover, deposition of manganite thin films on piezoelectric substrates may allow for a tuneable control of these properties by applying an electric field to the substrate [5, 6] .
In this regard, lithium niobate (LiNbO 3 ) is ferroelectric up to 1210 °C and is commonly used in wave guide and integrated optics applications due to its optical, electrooptic, piezoelectric, photorefractive, elastic and photoelastic properties [7] . In the ferroelectric phase, LiNbO 3 possesses a trigonal structure, with R3c space group. The hexagonal lattice parameters are a H = 5.145 Å and c = 13.86 Å [7] .
Here, PCMO thin films have been deposited on zcut lithium niobate crystalline substrates and their structural, magnetic and electrical properties were characterized. It is shown that the charge ordered phase is stabilized in PCMO thin films and that the corresponding transition temperature is correlated to the thickness of the manganite thin films.
Experimental
Thin films of Pr 0.5 Ca 0.5 MnO 3 (PCMO) were deposited by pulsed laser deposition using a KrF excimer laser ( = 248 nm) at a fluence of 1.5 J/cm 2 and a 3 Hz repetition rate. The pulse duration was 20 ns and the targetto substrate distance was 5.5 cm. During the deposition, the singlecrystal substrates of zcut LiNbO 3 were kept at 700 °C and the oxygen pressure was 0.8 mbar. Afterwards, the films were cooled down to room temperature at 10°C/minute under an atmospheric oxygen pressure.
For the laser ablation targets, polycrystalline samples of Pr 0.5 Ca 0.5 MnO 3 were prepared by the solgel combustion method. The obtained powder was then pressed into a pellet and underwent a series of annealings in order to increase its densification.
The Xray diffraction (XRD) measurements were carried out in a Siemens D5000 diffractometer using Cu K radiation.
A standard four probe inline technique with current inversion was used in the electrical resistance measurements. The current used in the measurements was 1 A.
The temperature dependence of the magnetization was measured with a Quantum Design MPMS SQUID magnetometer, in the 5 -350 K temperature range. First the samples were cooled to 5 K with zero applied field and the magnetization was measured with an applied field of 1300 Oe in the heating run (zerofield cooling, ZFC). Afterwards the sample was cooled with the same field, and the field cooled measurement (FC) was carried out in the subsequent heating run.
Results and discussion
The thicknesses of the PCMO thin films were calculated from lowangle Xray reflectivity (LAXRR) measurements. Figure 1 shows the reflectivity of a PCMO thin film, measured in the range 0.1° ≤ 2θ ≤ 3°. From the position of the Kiessig fringes ( m ) and the value of the critical angle for total reflection ( c ), the thickness (D) of the films was calculated using the equation [8] 
where m is the order of the fringe. The thickness of the film is calculated from the slope of the linear fit to the plot of m as a function of
shown in the inset of figure 1. The estimated thicknesses of the prepared samples were in the range 13 -170 nm. Figure 2 shows the Xray diffractogram of a PCMO thin film with a thickness of 45 nm. The spectra were normalized to the intensity of the (006)LiNbO 3 peak to compensate for the irradiated sample area and for better comparison. The trend on the normalized spectra is the same as on the original spectra. The peaks marked with an asterisk (*) belong to the substrate, while the remaining peaks belong to PCMO. The film is highly oriented, with a preferred pseudocubic (111) growth direction. There is also a small fraction of (110)-oriented grains, but the proportion between (110) and (111) does not change significantly with thickness. Figure 3 shows an enlargement of the Xray diffraction spectra on the 2θ region 38.5° 42°, near the pseudocubic (111) PCMO peak, for all the samples. On the different films, this peak was fitted with a Gaussian function in order to determine peak positions and integral widths. The inset of figure 3 shows the obtained d 111 out ofplane interplanar distances, determined from the calculated peak positions using the Bragg equation. For the thinner film, the observed (111) peak is strongly deviated towards higher angles relative to bulk PCMO (vertical line on fig. 3 ). As such, its corresponding d 111 outofplane interplanar distance is below the bulk d 111 value, indicating a compressive strain along the growth direction. As the film thickness increases, this deviation generally decreases, so that the corresponding d 111 progressively relaxes towards the bulk value, as shown in the inset of figure 3 . In the high temperature region, the activation energy calculated from the slope of the linear fit is E a / k B ≈ 1200 K for all films, which is consistent with the formation of small polarons [4, 9] .
As the temperature approaches 240 K, a change of slope is observed in the curves. This is attributed to the onset of the charge ordering transition on the films [2, 4] . Further evidence for the presence of a charge ordering transition is given by the temperature dependence of the magnetization (see inset of figure 5 ). Both the zerofield cooled (ZFC) and fieldcooled (FC) measurements present a maximum in the magnetization around 240 K, which is more evident in the thicker films.
In order to obtain the chargeordering transition temperature (T CO ), the temperature of the intersection of the linear fits to the high and intermediate temperature ranges, in the ln  vs. (1/T) plot, was determined, as exemplified in figure 5 , and its value was attributed to T CO . Since the films are highly textured along the (111) direction, the (110) residual phase is similar on all samples and since the normalized resistance of all films is roughly equal in the low and high temperature regions, the influence of extrinsic factors in the transport properties, such as grain boundaries and poor crystallinity, may be ruled out. However, the influence of the strain due to lattice mismatch with the substrate, as observed on the XRD results of figure 3 , cannot be ruled out, particularly on the thinner films.
The strain along the pseudocubic (111)PCMO thin films growth direction, In fact, the enhancement of the charge ordering temperature with decreasing thickness has been observed in PCMO thin films deposited on SrTiO 3 crystal substrates [4] . This effect was attributed to the presence epitaxial strains that promoted the stabilization of the charge ordered phase for thinner films. Therefore, here, the observed systematic decreasing of T CO with the PCMO film thickness can be attributed to the progressive relaxation of substrate induced strains as the films thickness is increased.
Conclusion
PCMO thin films were deposited on zcut LiNbO 3 crystal substrates with different thicknesses and their structural, magnetic and electrical properties were characterized. The films were highly oriented, with a pseudocubic (111) preferential growth direction. The chargeordered phase was observed to be stabilized even in the thinner films and the corresponding transition temperature was found to depend on film thickness. This correlation was attributed to the strain imposed by the substrate onto the films, which is stronger in the thinner samples and progressively relaxes with increasing thickness of the films.
